Introduction
With the increase of interconnection of transmission lines and new generation sources, the problem of excessive fault currents in power grids is becoming more and more severe today [1] . Resistive type SFCLs, which are based on the transition of superconductor from superconducting state to normal state, is one of the most promising superconducting fault current limiters (SFCLs) that can solve the problems.
In normal operation, the resistance of SFCL is almost zero. However, when short circuit occurs, SFCL acts like a resistor and cooperates with circuit breakers to clear the fault. The current limiting performance of SFCL determines whether the fault current can be limited to a value that circuit breaker can cut off. Therefore, the simulation of the current limiting performance of SFCL is very important.
So far, many finite element models have been proposed to study the quench process of high-temperature superconductors. F. Roy [2, 3] proposed a 2D electro-magneto-thermal model, which was calculated with H formulation, to simulate the quench performance of SC tape. The increase of the thickness of each layer of superconductor, aiming to speed up calculation, might result in inaccuracy of calculation result. Similarly, a 2D axisymmetric model using H formulation was proposed to calculate the quench propagation of superconducting coils in the case of heat pulses [4, 5] . In the model, a simplified superconductor model was used by deleting the Ag and buffer layers to enable fast calculation. Meanwhile, several 3D models have also been presented to investigate the quench process. J Duron [6] . proposed a 3D FEM model to study the quench behavior of the superconductor with a method based on fast-forward scheme, where the electromagnetic model and thermal model are calculated alternately. In the simulation, the geometric aspect ratio was decreased by increasing the thickness of YBCO and Ag. Wan Kan Chan [7] [8] [9] proposed a 3D micrometer-scale model, which coupled 2D model and 3D model to simulating the quench propagation in both SC tapes and coils under DC conditions. Besides, a hybrid model, which combines the finite element method and a current repartition Matlab function, has also been used to simulate the quench propagation of superconductor [10] . However, the model did not take into account the influence of magnetic field to current redistribution during simulation.
As shown above, most finite element models concerning quench mainly focus on microscopic characteristics of superconductor, such as the quench performance and quench propagation of superconductor. However, neither of them has been used to simulate the current limiting performance of SFCL as a device in power system, which can be realized by coupling a SFCL model and a power system model. Simulating the performance of SFCL in its operating environment enables researchers and engineers to better understand the requirement of its operation environment to SFCL. What is more, it can also be used to evaluate the effect of SFCL on power grids in case of fault, which is more important and useful to power network operators [11] . Therefore, a finite element model is integrated into an experimental circuit model in COMSOL to simulate the current limiting performance of a resistive SFCL prototype in experimental system under different fault currents in this paper. The goal of this paper is to demonstrate the possibility of the model proposed in simulating the current limiting performance of large scale of SFCL in power system.
The 220-V SFCL prototype is consisted of 16 elements connected in series, each element containing four YBCO tapes and a shunt in parallel [12] . To ensure the accuracy of calculation results, the real dimensions of superconducting tapes are used in the simulation. To enhance the convergence of calculation, a new E-J relationship is proposed to describe the electrical characteristic of YBCO in the simulation.
In Section 2, the SFCL prototype and the corresponding 2D superconductor model are introduced. In Section 3, the experimental circuit and the simulation model are presented. In Section 4, the comparison of simulation results and experimental results is provided. In Section 5, some problems in calculation are discussed. Conclusions are presented in Section 6.
SFCL Prototype and Superconductor Model

Introduction of SFCL Prototype
The SFCL prototype, which is shown in Fig. 1 , consisted of 16 elements connected in series. Each element contains four superconducting tapes and an external 180-m shunt resistor, which are connected in parallel, as illustrated in Fig. 2 [12] . The tape used in the SFCL prototype is American Superconductor's 344S tape, with critical current 72 ± 2A, width 4.4 mm, and thickness 0.15 mm. The parameters of the tape is shown in Table 1 [13] . The effective length of each tape is 0.4 m; therefore, the total length of tape used in the SFCL prototype is 25.6 m.
To simulate the SFCL prototype, a 2D finite element model is built in COMSOL, where the cross-section of the four superconducting tapes is used to express the superconducting tapes of each element of SFCL prototype, as shown in Fig. 3 . Considering that the shunt in each element of the SFCL prototype is difficult to simulate in the 2D superconductor model, it is simulated in the experimental circuit model, which will be introduced in Section 3.2. For the simulation of 344S tape, the real SC tape structure and geometry are used, as shown in Fig. 4 . Each tape consisted of seven layers: two SUS 316L layers, two solder layers, a Ni-5at %W layer, a YBCO layer, and a silver layer, with the geometry of each tape shown in Table 1 .
The electrical and thermal parameters of substrate, HTS, protective, solder, and stabilizer used in the simulation are listed in Table 2 [13] , and some detailed temperaturedependent variables are provided in the Appendix.
Superconductor Model
Considering that the quench process is not only an electromagnetic process, but also a thermal one, the 
Equations of Electromagnetic Model
H formulation is used to solve the electromagnetic property of the 2D model shown in Section 2.1 [26] . In the model shown in Fig. 3 , the superconductor length is assumed to be infinite in the Z direction. Current flows only in the Z direction and magnetic field exists in the XY plane only. Equation (1) is used to express the E-J relationship of superconductor, where ρ is a variable.
E and J mean the electric field and the current density of superconductor, respectively. For different layers of superconducting tape, ρ means the resistivity of corresponding layer. By combining Faraday's law, Ampere's law, and (1), a PDE can be obtained [26] 
where μ 0 is the vacuum permeability, μ r means the relative permeability, and H means the magnetic field.
According to E-J power law, the electrical field in superconductor increases exponentially with current density, which is inconsistent with the reality that the resistivity of superconductor will reach the normal resistivity eventually. Therefore, the E-J power law cannot be used to simulate the E-J relationship when the current of superconductor is much higher than its critical current. Up to now, different equations have been proposed to describe the E-J relationship of superconductor during quench. Joseph Duron [6, 27] proposed a black-box model, which took superconductor as the parallel connection of a nonlinear resistor, representing the superconducting material, and a normal resistor, meaning the metallic sheath. François Roy [3] described the electrical property of superconductor with a nonlinear resistivity, which varied with current density and temperature. W. Paul [28] defined the E-J relationships of three operating states of superconductor-superconducting state, flux flow state, and normal conductor with E ∼ j α , E ∼ j β , and E = ρj , respectively. The E-J power law can be modified by setting an upper limit to the resistivity of superconductor, as shown in (3), where the resistivity of superconductor that is larger than ρ norm is regarded as ρ norm . ρ norm is the normal resistivity of superconductor, which is set to be a constant in the simulation. J c is the critical current density of superconductor, and E 0 is the electric field in superconductor when the current density equals J c , which is taken as 1 µV/cm.
Although (3) can be used to simulate the E-J relationship in the finite element simulation, there is a singularity on the E-J curve, which easily leads to non-convergence in calculation. In order to improve the convergence of computation, a new E-J relationship with a smooth transition from superconducting state to normal state is proposed in [24, 25] Due to the fact that the heat capacity and thermal conductivity of SUS 316L are not found, the corresponding parameters of SUS 316 are used instead this paper. The new relationship is based on an exponential function, which is shown in (4) and (5), and two fixed points of the modified E-J power law (3): (J c , E 0 /J c ) and (α*J c , ρ norm ). α is a coefficient that determines the trend of superconductor resistivity with current density. The first is the point where the current density equals critical current density, while the second one corresponds the point where the resistivity of superconductor equals normal resistivity. The equations of this new E-J relationship are shown in (4-7).
By taking the two points into (5), the two coefficients β and γ can be solved.
where ρ sc is the resistivity of superconducting layer, and β and γ are the coefficients that are used to define the new E-J relationship of superconductor. J cx is the critical current density of superconductor, which is usually taken as a function of temperature and magnetic field. For the definition of J cx , only the influence of temperatures on the critical current is considered due to the fact that it is much greater than the influence of magnetic field in the superconductor as in the arrangement shown in this paper. Therefore, J cx is expressed by (8) [3] .
where J c0 means the critical current density of superconductor when the temperature of superconductor equals T 0 . T 0 means the temperature of liquid nitrogen, which is considered as 77 K here. T c means the critical temperature of superconductor, which is regarded as 90 K here.
As shown in (4-7), the only variable of the new E-J relationship is α.
The physical basis of the new E-J relationship is that the quench process is basically a process of heat dissipation. When the current is smaller than the critical current, the electric field on the superconductor is very small, which can be derived from the point of (J c , E 0 /J c ) and (4) and (5); therefore, the heat dissipation can be neglected. However, when the current increases above the critical current, the electric field will increase exponentially, which leads to heat generation. Nevertheless, the electric field will not always increase exponentially, because finally the normal resistivity of superconductor will be reached, when the electrical field increases linearly with current density. In this paper, to express the E-J relationship of superconductor more accurately α of the new E-J relationship is chosen to make the E-J relationship as close as the modified E-J power law (3). The coefficient α of the new E-J relationship is taken as
where n value is taken as 31, which is also used in the simulation.
Then, to better illustrate the new E-J relationship, ρ-J curves of the new E-J relationship is compared with that of the modified E-J power law and Duron's equation, which is shown in (10) and (11) [27] . ρ sc3 = ρ sc * ρ norm ρ sc + ρ norm (11) As shown in Fig. 5 , there is only little difference between three curves when the current is lower and slightly higher than the critical current J cx . Then with the increase of the current density, the slope of the new E-J relationship curve and Duron's equation curve become smaller than that of the E-J power law curve. Considering the fact that the superconducting layer is sandwiched between non-superconducting layers, most current shunts to the non-superconducting layer when the resistivity of superconductor increases to a high value, which leads to little heat dissipation at the superconductor layer. Therefore, the reduced slope of the new E-J curve has little influence to the quench simulation. What is more, the slope reduction of the new E-J curve can enhance the convergence of calculation, which is analyzed in detail in Section 5.1.
Thermal Model
For calculation of the thermal property of superconducting tapes during quench, a thermal equilibrium equation is built, as shown in (12),
where Q means the power density in superconductor, ρ m means density, C p means the heat capacity, k means the thermal conductivity.
What is more, in order to simulate the physical process of heat transfer from the superconducting tape to the liquid nitrogen, where the SFCL is placed, a heat transfer equation (13) is applied to the surface of superconductor in calculation [3] .
Electromagnetic model T E z *J z Thermal model where h means convective heat transfer coefficient, which can be found in detail from [3] . T s means the temperature of superconductor surface.
Coupling of the Electromagnetic Model and Thermal Model
In the simulation, the electromagnetic model and the thermal model are coupled together to calculate the characteristics of superconductors during quench. As shown in Fig. 6 , the calculation results of electromagnetic model E z and J z are used as the input of thermal model. Also, the calculation results of thermal model T is used as an input parameter of the electromagnetic model. Due to the powerful ability of COMSOL in solving the coupled problems, the two models can be coupled and calculated simultaneously in COMSOL, which can provide more precise results compared with the method based on a fast-forward scheme [6] .
Introduction of Fault Experiment and the Circuit Model
Introduction of Fault Experiment
To test the current limiting performance of the SFCL prototype mentioned in Section 2, fault current tests are carried out using the experimental system shown in Fig. 7 . The experimental system is consisted of a 3 MVA/15 kV/380 V transformer, a main switch, SFCL prototype, variable resistors R1 and R2, and a switch for short circuits, as shown in Fig. 7 [12] . The SFCL was tested under the voltage between phase and ground of the transformer, which is 220 V/60 Hz. In the fault current test, R1 and R2 can be adjusted to obtain suitable pre-fault currents and prospective fault currents, which vary from 0 to 10 kA. In the experiment, a steady current of 300 A flows in the circuit before the occurrence of short circuit, and the fault lasts for five cycles [12] . In the fault experiment, the current limiting performance of the SFCL prototype is tested under different prospective fault currents from 0.8 to 7.4kA. The test results are summarized in Table 3 .
Circuit Model
To simulate the performance of SFCL in fault experiments as well as the corresponding response of the experimental circuit, an experimental circuit model is built and combined with the superconductor model mentioned in Section 2, as shown in Fig. 8 The experimental system shown in Fig. 7 is simulated with an electrical circuit built in electric circuit interface of AC/DC module of COM-SOL, illustrated in Fig. 8a . Two variable resistors R1 and R2 are used to simulate the line resistor and load resistor separately.
As shown in Fig. 8b , the SFCL is expressed with a series connection of 16 elements in the electrical circuit, each one 
Coupling of the Experimental Circuit Model and the Superconductor Model
In the simulation, the superconductor model and the experimental circuit model are coupled together to simulate the current limiting performance of the SFCL prototype, as shown in Fig. 9 . In each calculation step, the current flowing through the superconducting tapes of the SFCL prototype is transferred from the circuit model to the superconductor model to calculate the electrical and thermal characteristics of superconducting tapes. Also, the resistance of YBCO layers and the resistance of metal layers are transferred from the superconductor model to the experimental circuit model to continuously calculate the response of the experimental circuit.
The extraction of the current of the superconducting tapes from the experimental circuit model can be easily realized by summing up the current of the two resistors, which represent the YBCO layers and the metal layers in an element shown in Fig. 8b . The extractions of resistances of YBCO layers and the resistance of metal layers from the superconductor model are introduced below.
Extraction of the Resistance of Metal Layers
The resistance of metal layers of a superconducting tape is regarded as the resistance of the six metal layers connected in parallel, which can be calculated with (14) and (15) . As shown in (15) , the resistivity of each metal layer is defined as functions of its average temperature.
Extraction of Resistance of YBCO Layers
The resistance of YBCO layers is calculated based on the assumption that the YBCO layers, and the metal layers are connected in parallel, meaning that the voltage drop on the two elements are the same. Therefore, the resistance of YBCO can be calculated by (16). Fig. 9 Coupling of SFCL model and power system model where 29.544 is the normal resistance of the YBCO layers in room temperature, with unit ohm When the temperature of YBCO is higher than the critical temperature, the superconductor completely loses its superconductivity, and thus the resistivity of YBCO increases to the normal resistivity. Although the normal resistivity of YBCO is temperature dependent, it is taken as 130e−8 m here due to that the resistance of YBCO of each element is far larger than that of the metal layers and shunt after quench. When the temperature of YBCO is lower than the critical temperature, the resistance of YBCO depends on current density, temperature and magnetic field, with maximum value 29.544 .
Comparison Between Experimental Data and the Simulation Results
In this work, different prospective fault current tests were simulated using the developed model. The details of the fault experiment with prospective current 7.4 kA, which contains the current limiting characteristics of SFCL prototype, the temperature trend, and the current distribution, are provided here. Then, to further validate the model, simulation results of SFCL at different prospective fault currents are summarized and compared with the experimental results.
Simulation of the Fault Current Test With Prospective Fault Current 7.4 kA
As shown in Figs. 10 and 11 , the simulated SFCL current and SFCL voltage with prospective fault current 7.4 kA are presented separately, which are compared with those in experiments. What is more, the simulation with Duron's equation is also presented to make a comparison. As shown in Fig. 10 , the simulated SFCL currents with the new E-J relationship are almost the same with that with Duron's equation. The two simulated currents are mostly consistent with the experiment. However, in the first half cycle of SFCL current, the simulated peak current is a bit smaller than that in experiment, which also occurs in the simulation of other fault current tests. This might be because the cooling effect of copper bus bar and the intermediate copper bars are not considered in the simulation. The cooling effect of copper bars can limit the temperature increase of superconducting layers to some extent, which again limits the increase of SFCL resistance, thus resulting in higher current peak.
In Fig. 11 , the comparison between the simulated SFCL voltage and experimental SFCL voltage also indicated that Besides, the resistances of SFCL both in simulation and in experiment are also compared, as shown in Fig. 12 . It clearly shows that the trends of both SFCL resistances are almost the same. Due to the fact that the temperature increases with fluctuation (see Fig. 13 ) and that the resistivity of Ag, SUS 316L, and YBCO increase with the temperature, the resistance of SFCL also increases with fluctuations after quench.
As shown in Fig. 13 , the average temperature of superconducting tapes increases with fluctuations in the test. This is mainly because the power supply is AC, which means the heat dissipated in superconducting tape is proportional to I 2 (if the resistance of SC tape is regarded as a constant). Therefore, when current is crossing zero, the heat dissipated is small, which leads to small temperature increase of the superconductor. Moreover, when the current is at its peak value, whether it is positive or negative, the heat generated is very high, leading to a rapid temperature increase. Also, the current distribution in different layers of tapes is provided in Fig. 14 . It is clearly shown that current mainly flows through YBCO before quench and shunts to metal layer and the 180-m shunt after quench of superconductor. What is more, due to the fact the metal layers resistance is far smaller than that of shunt, the current in metal layers is higher than that in the 180-m shunt. 
Simulation Result
To further validate the simulation, the current limiting performance of the SFCL in different fault tests were simulated and compared with the experimental results shown in Table 3 .
As shown in Fig. 15 , the limited SFCL currents in simulation under different prospective fault currents were compared with that of experiments. The maximum calculation error is only 4.4 % of the experimental results, which is very small when it is compared with the prospective current. The current limiting ratio, which is defined as the ratio of prospective current to limited current, was calculated and summarized in Fig. 16 . It is clearly shown that the simulated current limiting ratios are almost the same as those in experiment. The SFCL voltages corresponding to the limited SFCL current in experiment and in simulation are also compared in Fig. 17 , which suggests that the simulated SFCL voltage is almost the same as that in experiment. All these results show that the model performs well in simulating the performance of the SFCL.
Discussion
Convergence Problem
In the simulation, it is found that non-convergence sometimes occurs, especially when the temperature of superconductor approaches 90 K (critical temperature of superconductor). The reason causing this might be explained in the following way. According to (8) , the critical current density becomes very small as the temperature of superconductor approaches 90 K. A small temperature vibration in local area that results from heat transfer in superconductor might lead to a great change of local resistivity, which then leads to the change of current density and magnetic field distribution in local area, making the calculation very difficult to converge.
To solve the problem, it is necessary to decrease the slope of the E-J curve of superconductor when the current density of superconductor is higher than critical current density while keep the basic characteristics of superconductor: negligible electrical field when the current is smaller than the critical current density. The decrease of the slope of E-J curve when J > J c can effectively limit the resistivity change of local superconductor resulting from the temperature vibration, thus enhance the convergence. Therefore, in this paper, a new E-J curve with smaller slope is introduced. Another method that can enhance the convergence of calculation is that the temperature rise rate of each element should be decreased during calculation. This can be realized by increasing the mesh density of the superconducting tape, especially in the thickness direction. It is because, according to the simulations, the temperature gradient in the thickness direction is far larger than that in the width direction.
Computation Time
The calculations in this paper are sometimes timeconsuming, mainly because that the real geometry of superconducting tape is used and all the PDEs of the superconductor model and the equations of the experimental circuit model are calculated simultaneously. Generally speaking, it usually takes about 40-70 h to calculate five cycles with computer with Intel Core i5 3.4-GHz processor and 8-GB memory.
The computation time depends on many factors, such as the prospective fault current, mesh number, and the time steps. Sometimes, a small change in the mesh, aiming to enhance the convergence in the calculation, might result in a significant increase of computation time. Therefore, the increase of the calculation speed is an important task in future research.
Conclusion
In this paper, a 220-V resistive SFCL prototype is built and tested under different fault currents. To simulate the macroscopic characteristics of the SFCL prototype, a finite element model coupling a superconductor model and an experimental circuit model is proposed. In the simulation, a new E-J relationship is provided to enhance the convergence of calculation.
The simulation realizes the real-time data exchange between the coupled models during calculations, thus leading to more precise calculation results. The simulated results of different fault current tests are compared with those in experiments, which show that the provided model performs well in simulating the current limiting performance of the SFCL prototype. What is more, the model proposed can also be extended to simulating the performance of SFCL in real power grids, considering that the simulated experimental circuit can be regarded as a simple power grid.
However, the calculation is sometimes timeconsuming, which is mainly because the real geometry of superconducting tapes are used and all the coupled models are calculated simultaneously.
In the next step, the simulation of superconducting tape will be extended from 2D to 3D, which makes it possible to take into account more factors, such as the influence of copper bars and to study the quench process of superconductor in more details.
Appendix
Detailed Temperature-dependent Variables are Provided Here Fig. 18 Resistivity of SUS 316L [14] 22 Thermal conductivity of silver [24, 25] 
